With the formation of melt, the structure of a sintering bed transforms because of material coalescence. The drivers of coalescence were studied using two bench-scale techniques. Analogue sinter mixes of varying the basicity and gangue levels were taken to high temperatures using thermomechanical analysis (TMA) and in an ash fusion test (AFT). In TMA, the penetration of a piston into the sinter mix as melt was generated provided information on the deformation, shrinkage, densification and flow of the sample as a function of temperature. Projected sample shapes in the AFT were used to determine sample density and densification level. A computer model FactSage and reported equations were used to provide estimates of melt volume and viscosity. Trends indicated by the TMA and AFT results were similar and large changes in results were only obtained with significant melt generation. Differences in results between the samples could not always be explained because varying the composition of the sinter mix altered the porosity of the sample. Increasing sample porosity meant that the generated melts were not as connected and more work is required to achieve the same level of densification. On a sinter strand, coalescence occurs under a normal load and this effect is simulated in the TMA. However, the excessive flow of melt from the crucible and chemical reactions means that TMA results are unreliable at temperatures greater than 1 300°C. For this reason, the AFT is the preferred technique to understand the factors that cause material coalescence on a sinter strand.
Introduction
Iron ore sintering is used throughout the world to produce a lumpy feed for the blast furnace. The process involves the formation of a moving flame front in a prepared blended particulate bed. Temperatures reached at the flame front are in excess of 1 300°C and this causes the iron ores, gangue and fluxes to react and form melt. The initial amount of melt generated by solid state reactions is small but increases significantly as solids are assimilated into the formed melts. With the passing of the flame front as little as 20 vol.% of the solids remain but the exact value would depend on the bed thermal heating profile and the chemical and physical properties of the blend.
As expected, the chemical composition of the melt changes with time and temperature and can also vary significantly throughout the bed due to particle segregation when forming the bed. Bed temperature increases significantly down the bed, which increases melt formation. Both particle properties and temperature influence the nature and extent of the solid-state reactions i.e., the amount and properties of the melts generated. After sintering the bed structure has transformed from a particulate structure to one comprised of identifiable large solid particles bonded by thinner material bridges. It is clear that during the bed stabilisation process the large particles are released and reports to the coarse product fraction. The bridges produce either a finer product or sinter return fines.
Clearly, understanding the transformation of the particulate bed during sintering is important because it determines the properties of the product sinter and yield from the process. 1) Bed transformation occurs because of material coalescence in the flame front. 2) In turn, coalescence results because the formation of melt has allowed the material to reshape, deform, flow, shrink, collect, and densify. This process is extremely complex because it involves a three-phase system and changing conditions e.g., melt chemical composition. Loo and Heikkinen 1) proposed that coalescence is driven by surface forces and opposed by viscous forces.
Although ceramic sintering literature has information on the coalescence of three-phase systems (for example [3] [4] [5] [6] ) the situation is much less involved and complex. X-ray CTscanning has been used on a sinter pot bed to observe the bed transformation process in the flame font (for example [7] [8] [9] ). Another approach used is to study products from a sinter pot. Through considering sinter properties such as particle density and pore properties, the original particulate bed and ISIJ International, Vol. 54 (2014), No. 10 sintering conditions, conclusions can be made about the level of coalescence that has occurred in the flame front. The third approach is to study coalescence in a simpler system, one in which the factors that drive coalescence are also in operation.
This paper concerns the use of bench-scale furnaces to replicate the coalescence in sintering. A range of analogue sinter mixes were studied and the results together with outputs from a thermochemical software and database package were used to develop a greater understanding of the coalescence process and controlling parameters.
Experimental
The height of the particulate bed on a sinter stand can be up to 1 m. This means that the coalescence process occurs under increasing normal load down the bed. As a physical force will influence the deformation, flow and densification of melt the behaviour of analogue sinter mixes at high temperatures in thermomechanical analysis (TMA) was considered. The displacement of a loaded piston, initially resting on the surface of a sinter mix, is measured. With the generation of melt, the piston descends. The piston is only in contact with about a quarter of the bed surface. As the molten mixture is not completely constrained, an acting compressive load can result in the upward flow of material. In a sintering bed the material is likewise under load and unconstrained. The second test used is commonly termed the ash fusion test (AFT) and is widely used to determine the fusibility of fly ash. The sample is shaped into a pyramid and the change in height as a function of temperature is recorded. The material is allowed to reshape and flow freely and is not modified by any applied external force, as in the TMA.
Results from these two tests will not be direct measures of coalescence. However, the penetration of the piston in a TMA and the shrinkage of the sample in an AFT would reflect the resistance of a three-phase mix to reshaping, deformation and flow. In the TMA test this happens under an applied load while gravity would be a major external influence on material behaviour in an AFT.
TMA
TMA is widely used to characterise fly ash fusibility (for example 10, 11) ). The sample in a molybdenum crucible is heated under a uniaxial load applied via a piston. The piston sinks into the sample when the material shrinks, reacts to form melt and becomes deformable. On heating analogue sinter mixes, they shrink even before melt generation and without the application of an external force. Thereafter, penetration will be a function of increasing melt volume and fluidity. The displacement of the piston is, therefore, in response to the sample shrinking, deforming and flowingprocesses which occur when material coalesces in a sintering bed. There have been no reported studies on the use of TMA to study the behaviour of sinter mixes at melting temperatures.
The Setaram TMA92-16 Thermo Mechanical Analysis 10) used in this study consists of a vertical tube furnace which can reach a maximum temperature of 1 600°C. Tests involved heating a bed of material in a molybdenum crucible. A load of 100 g was applied to the piston resulting in an acting pressure of 140 kPa at the interface between the piston and sample surface. The sample was purged with high purity argon (purity 99.992%) for 15 min. Heating of the sample was also carried out in argon atmosphere at a pressure of 101.325 kPa -resulting in an oxygen partial pressure of 5×10 -6 Pa. The heating rate was 45°C per min to 500°C and then reduced to 5°C per min until 1 450°C. The vertical response of the piston to changes in the analogue sinter mix upon heating is recorded by a sensor, and the data is transmitted and stored in a computer. For each sample, at least two tests were carried out.
AFT
The most common use of this test is to determine the temperature at which the apex of a pyramid of the material melts and reduces to one-half of its original height, and then into a globule. This test has been used by several researchers in iron ore sintering. Loo et al. 12) used it to estimate the temperature at which the adhering fines layer on granules react. A deformation temperature -defined by the halving of the pyramid height -was used to compare samples of different chemical compositions. Costa et al. 13) employed the same technique to determine the melting temperature of a sinter mix and a temperature based on 2/3 reduction in pyramid height was used. In place of pyramids, cylinders have also been used and their heights determined as functions of temperature by Chu et al. 14) and Lv et al. 15) A Carbolite Coal Ash Fusion Furnace-Digital was used in this study. The furnace has a horizontal working tube with internal diameter of 79 mm and capability of a maximum temperature of 1 600°C. The working tube was purged with high purity nitrogen for 5 min followed by compressed air (the working gas) at a flow rate of 1 L/min. The heating rate, adjusted as close as possible to the TMA test, was 7°C per min (highest heating rate in practical) to 500°C and then 5°C per min to 1 350°C, and then reduced to 1°C per min until 1 353°C -to ensure the sample was able to reach 1 350°C. A camera, located in front of the tube, captures the physical state of the sample from 800°C at a rate of one per degree rise in temperature. Three tests were carried out on each sample and average values are reported.
Sample Preparation
The sinter mixes used in this study were prepared using analytical grade reagents, all finer than 10 μm. Table 1 . Sample B can be considered to be the standard or base case as it has a chemical composition not unlike that of commercial sinters produced in the Asia Pacific. The composition of the sinter mix was then changed to study the effects of basicity (i.e., lime to silica ratio of 1.6, 1.9 and 2.2) and gangue level (17 wt.% and 30 wt.%).
For the TMA tests, on charging the weighed analogue sinter mix into a 6 mm diameter molybdenum crucible, a load of 260 kPa was applied across the entire cross-section. The compressed bed formed has a height of between 1.23 and © 2014 ISIJ 1.65 mm. The piston was then introduced into the crucible and the whole assembly placed in the furnace. Heating was then commenced according to the programed temperature profile.
For the AFT, the analogue sinter mix was pressed in a 13 mm internal diameter mould under a load of 50 N via a universal testing machine (Shimadzu AGS-10kND). The cylindrical samples were dried overnight in the oven at 105°C and then weighed. They were then placed on alumina tiles and introduced into the 400°C furnace. The furnace tube temperature was then increased according to the defined heating profile.
Assessing Melt Properties

Melt Amount and Compositions
To assist the interpretation of TMA and AFT results, FactSage 16) was used to predicted the distribution of the equilibrium products, and melt generated and composition as a function of temperature. The databases for oxides and solutions were developed mainly around materials like coal ash, and ironmaking and steelmaking slags. 16, 17) There are abundant publications on the use of this package in these areas, e.g., Bryant et al., 10) Bryant et al. 11) and Song et al.
18)
However, melts generated in iron ore sintering are higher in iron and calcium contents, and are quite different to coal ash and slags. There appears to be only one paper in the open literature on the use of FactSage on iron ore sintering melts. 15) This means that there is need for caution when FactSage results are used to analyse experimental data on sinter melts.
As carbonates and combined water would have been driven off at comparatively low temperatures, only the weights of oxides present -Fe 2 O 3 , CaO, SiO 2 , Al 2 O 3 , MgO and P 2 O 5 , -are input data into FactSage. The total weight is assumed to be 100 g so the calculated outputs are percentages. Four databases (i.e.: FactPS, FToxide, FTmisc and solution) and the phases (e.g. FToxide-SLAGA, etc.) were selected to determine liquid phase generation during the experiments.
Melt Viscosity
As melt viscosity has a critical influence on TMA and AFT results, information on this parameter will greatly assist the interpretation of test results. Based on the work by Iida et al., 19) Machida et al. 20) developed a viscosity prediction equation for high Fe content melts, as is the case for sintering melts: 4) ...... (5) where, μ0i and αi (i = Fe2O3, FeO, CaO, MgO, SiO2, Al2O3) are the viscosity when the melt is monomolecular system and the intrinsic coefficient, and B * is the modified basicity. The values were given in the work by Iida et al. 19) and Machida et al. 20) 4. TMA Results Figure 1 shows typical results from the TMA. The piston resting on the bed surface represents 0% penetration and a value of 100% is obtained when the piston is in contact with the bottom of the crucible (which was determined prior to placing the mix into the crucible). Figure 1 also shows results for two tests carried out on Sample C. The technique does give reproducible results. For this sample, penetration was gradual to start and then increased sharply at around 1 180°C. Above this temperature there was another gradual section and then another steep section followed by a reasonably flat section. A final full penetration at around 1 450°C meant that the piston has been already in contact with the crucible bottom.
TMA and FactSage Outputs
For the sinter mix used to obtain the results shown in Fig.  1 , the predicted FactSage results of melt generation as a function of temperature is shown in Fig. 2(a) . It can be seen that melt does not form until temperature is close to 1 180°C. The amount of melt rises sharply with increasing temperature, and after around 1 400°C the graph flattens and even dips slightly, which may indicate that Fe 2 O 3 in melt is being reduced, resulting in a decrease in material mass.
Interpreting Results
The shape of the curves in Fig. 1 suggests that they can be divided into two zones -A and B. Using this delineation, the transition temperature from Zone A to Zone B is about 1 180°C and from Zone B to full penetration is around 1 450°C. The results in Fig. 2 suggest that the two transitions in Fig. 1 could be related to phase changes, i.e., the temperatures when the solids start to form primary melts and when the solids are completely assimilated by the melts. These are essentially the solidus (T s ) and liquidus (T l ) temperatures, respectively. When comparing these two figures, it has been found that the predicted solidus temperature, of around 1 180°C, matches the first transition point shown in Fig. 1 well but the predicted liquidus temperature is lower than the second transition shown in Fig. 1 . To further understand what was happening in the test, polished sections of the TMA sample assembly were prepared for study. Figure 3 shows the assembly for the test involving Sample C. That sintering melts have good wetting properties is confirmed by this figure and previous studies (for example 21) ). The melt has spread preferentially on the walls of the crucible rather than being pushed en masse into the void space around the piston. Figure 3 suggests the melts that formed first were more flowable and had left the sample area. This means that the chemical composition of melts remaining in the crucible would contain less fluxes and hence more viscous. If this is the case then FactSage cannot model the system because it deals only with ideal conditions, i.e. chemically uniform mixture under equilibrium conditions with no regards to kinetics. For these reasons, it is possible that TMA temperature have to be higher to reduce melt viscosity and allow full piston penetration. 4.2.1. Zone A Figure 1 shows that at the finish of Zone A the percent penetration is 40-50%. This is prior to the formation of initial melts and is caused by bed changes. Firstly, the particles were loosely packed in the crucible. The starting bed voidage was around 0.6 and with increasing temperatures the particles could expand, soften, unlocked at the inter-particle contact points, and rearranged to form a denser bed of reduced voidage. Secondly, there would be loss of material as the volatile components are released, as indicated by Eqs. (6)- (8) . Thirdly, there would be reactions between the sample and crucible according to Eq. (9), which would reduce the sample mass. Harwood 22) indicated that at temperatures above 770°C and in the presence of oxygen, molybdenum is not stable. The reactions leading to the formation of a volatile phase MoO 3 is also predicted by FactSage, see Bryant et al. 10) This is also confirmed by microscopy observation, and indicated in Fig. 3 . This reaction could retard the progress of expected sintering reactions because of the loss of hematite. Finally, solid state reactions would take place to form eutectics as early as lower than 500°C. As a result of particles unlocking at contact points, the bed deforms and densifies because of the applied compressive force. It is also clear that the evolution of gases will reduce particle volume and increase the ability of the particles to rearrange. Figure 1 indicates that for two tests the resistance of the bed decreases sharply at around a temperature of 1 180°C. It is, therefore, reasonable to assume that the formation of melt characterises the start of this zone, bearing in mind that pressure will reduce the deformation temperature of melts. Figure 1 indicates that Zone B can be divided further into four sections. An attempt will be made to explain the state of the bed in these sections based on the premise that melts are present in Zone B. Compared to Fig. 2(a) , the indicated shapes of the first three sections in this zone match reasonably. Although temperature values do not fully correspond, it is clear that melt generation is having a large impact on penetration results. It is to be expected that decreasing solids content and increasing liquids content lowers the resistance of a bed to deformation. As explained earlier, the last section is complex because there has been significant material flow and reactions with molybdenum.
Effect of Sinter Mix Chemical Composition
It is well-established that lime and gangue levels have a large influence on the melt formation process in sintering. Increasing the lime content or basicity will facilitate melt formation. Increasing gangue level will have the same effect because these oxides form melts that can accommodate more iron oxides.
Basicity
The effects of changing basicity (from 1.6 to 2.2) on penetration behaviour are given in Fig. 4(a) . The shapes and trends obtained for the two curves are very similar. At a fixed temperature, penetration would be expected to be higher for the sample with a higher basicity because of the increased ease in melt formation. The results indicate that this is the case, with Sample C giving the higher penetration values. Figure 3 shows a micrograph of a polished TMA crucible section at the end of a test. As the cross-sectional area of the piston is only a quarter of that of the crucible, there is a large void space (white) around the piston. In the gap between the crucible base and the piston there is some solidified melt (black). It is interesting to note that no solidified melt is found in the void space around the piston. Instead, solidified material could be found in the clearance between the body of the piston and the crucible wall. In some cases material was even found to have travelled out of the clearance to the top of the piston body. Figure 3 (a) shows the entire TMA crucible for Sample A, while important regions (denoted by I to IV) are magnified and shown in (b) to (g). The efficient transfer of material from the base of the crucible to clearance between the crucible and piston body and even to its outside top surface confirms the strong wetting ability of the formed melts. 21) Observation under the microscope confirmed that there has been reaction between the sinter mix and the molybdenum crucible.
While solidified melts were observed in the clearance (Position I) and on the outside of the piston (Position III) for all the samples, their distribution was not the same. There was less material in the clearance and more outside the piston for Sample C, which would indicate that the melts, formed from the higher basicity sample, are more wetting. However, it is important to note that this observation is made based on observing a single 2D section of the crucible and the distribution of materials in these regions may not be fully uniform around the crucible.
Also based on FactSage predictions and Eqs. (1)- (5), the amounts and viscosity of the melts have been calculated, and the results are shown in Table 2 . It can be seen that, compared with Sample A (basicity 1.6) at conditions of argon atmosphere, Sample C (basicity 2.2) generated more melts and lower solids content. As expected, the higher basicity sample has less relict hematite. This trend has also been observed in sintering studies 12) involving naturally occurring iron ores in an Infrared Furnace. In addition, higher basicity melts are less viscous indicating lower resistance to an applied force and, therefore, higher penetration values at a particular temperature.
Gangue Levels
Samples B and D have the same basicity of 1.9, but varying gangue levels of 17 and 30 wt.% respectively. The TMA results for these samples are shown in Fig. 4(b) . There are two characteristic regions in Fig. 4(b) . Overall Sample D gave the same characteristic TMA curve, except that in Zone B there is only one sharply rising section rather than two. In Zone A, results indicate that penetration is higher for Sample B but the two curves are very comparable. In Zone B, the penetration for Sample B is higher than Sample D except that the temperature range is from 1 230 to 1 315°C.
Optical micrographs of the crucible assembly after testing Samples B and D are shown in Figs. 5(a)-5(d) . The same notation, indicated in Fig. 3 , is used to show the different enlarged sections. These micrographs confirm that melts formed from these two samples are highly wetting. On examining the two solidified melts, it was concluded that Sample D contains more glass and dicalcium silicate. Figure 5 shows that there was more material at Position II and larger amounts of material at Position III for Sample B, which indicates that the melt formed from Sample B is more fluid. The differences in penetration results for the last section in Zone B could be in relation to the formation of more high temperature compounds at the base of the crucible and more viscous melts.
As expected, FactSage predictions summarised in Table 2 indicate that much more melt is formed from the high gangue sample, which should result in a higher penetration. There is some evidence for this at the temperature range from 1 230 to 1 315°C, as shown in Fig. 4(b) . At higher temperatures the high gangue sample results are contrary to expectations. However, it is to be noted that results obtained at these temperatures are most likely unreliable because of significant flow of material from the crucible base and reactions with molybdenum.
AFT Results
Cylinders of analogue sinter mixes change their shape on heating. Figure 6(a) shows two images for Sample C captured at 800°C and 1 350°C. It can be seen that the size of sample is much smaller at 1 350°C. The formation of melt has caused the cylinder to shrink, densify and some flow has also occurred at the base of the cylinder. On assuming that the samples remain symmetrical at increasing temperatures it is possible to convert the 2D projections into 3D images to obtain measures of sample volume. Changing sample volume provides a measure of the degree of reshaping and deformation that has occurred -providing a strong indication of how a sinter mix of similar chemical composition would coalesce during sintering. 
Theory
Loo and Heikkinen 1) studied sinters from a laboratory sinter pot and showed that density is a strong measure of the degree of coalescence during sintering. In this study, a cylinder sample of analogue sinter mix was heated up to the sintering temperature, and the sample density was measured to indicate the degree of coalescence during the process. Density determination involves measurement of mass and volume. Material mass at high temperatures takes into account losses from calcination and dehydration processes. Mass reduction due to partial hematite reduction is less than 2 wt.%, and can be ignored. However, at the regions of contact it is possible that some melts could penetrate into the alumina tile. This will not be large because the tiles have very low porosities. Although the larger contributor to inaccuracies in determining sample volume would be melts spreading thinly over the tiles surface, the volume of this is expected to be small (being a very thin layer), so this effect is also ignored. Figure 6 (b) shows a schematic representation of the origin and deformed cylinders based on the projected area in Fig. 6(a) . Significant flow of material at the base of the cylinder to form a meniscus is captured in the micrographs and included in the analysis.
The determination of sample volume is illustrated in Fig.  6(b) . The sample is considered to be composed of an infinite number of thin discs -of decreasing diameters in the upward direction -stacked together. The diameter of the discs as a function of height is determined from the projected area images. At temperature On taking into consideration, the loss in weight caused by calcination and dehydration -described by Eqs. (6) to (8) -can be determined. The calculated weight of the sample is m C . Sample bulk density at any given temperature can be calculated using the following equation. While sinter density can reflect the degree of coalescence that has occurred, ρ T does not fully reflect the degree of transformation that has occurred in the AFT sample. For example, a sinter mix which has undergone more calcination and dehydration will be more porous and has a lower m c value. A greater reduction in volume i.e., more shrinkage, densification and transformation, is required to achieve a ρ T value similar to that for a sinter mix containing less limestone and clays. This example suggests that ρ T data will have to be normalised to allow meaningful comparison of the level of transformation that has occurred between different samples.
Ideally to quantify sample transformation the ratio of ρ T to ρ C should be used. However, it is difficult to define the appropriate temperature to determine the value of ρ C . From information in the literature, the dehydration and calcination reactions would commence at 540 to 840°C but it is difficult to determine when the reactions terminate because this will depend on the reaction kinetics controlled by bed and operational conditions, e.g. particle size, heating rate and CO 2 / H 2 O partial pressures. On an operating sinter machine, properties of the green bed are a strong function of sinter mix composition. The alteration in bed structure (particle dislodgement and shrinkage) that accompanies the dehydration and calcination processes will vary from blend to blend, but they contribute towards what is termed the coalescence of material during sintering. From a sinter plant perspective, the use of green sinter mix tablet bed density, ρ 0 , to normalise the ρ T results is appropriate. From a blast furnace perspective, the actual density of the sinter charged into the furnace is the main concern and so the sinter plant will need to meet density requirements regardless of the ore blend used. In this study, both ρ T and the ratio ρ T /ρ 0 -which is an indication of densification level achieved for a particular mix -will be considered.
AFT and FactSage Outputs
Three AFT tests were carried out on Sample C and Figs. 7(a) and 7(b) show that results are very reproducible. In both figures the steepness of the curves increases sharply at around 1 220°C and this is followed a less steep section in Fig. 7(b) . FactSage prediction of melt generation for this sample is shown in Fig. 2(b) . From these three figures it is clear that the steep sections in Fig. 7 are directly related to the amount of melt generated in the sample. On this basis it is possible to divide the graphs in Fig. 7 into Zones A (from 800°C to 1 220°C) and B (greater than 1 220°C).
In Zone A, both sample density rose from 1.4 to 2.7 t m -3
and densification level from 1.0 to 1.9. Although a small amount of melt could have been generated in this zone, the major cause of the densification is the rearrangement of the particles caused by calcination, dehydration and solid-state reactions. These results confirm that the system encountered in sintering will spontaneously densify as this causes a reduction in its energy level. This means that under TMA In Zone B, over the temperature range of around 1 220 to 1 350°C, sample density increased from 2.7 to 4.6 t m -3 and densification level climbed up from 1.9 to 3.3. According to Fig. 2(b) , the amount of melt in the system has increased from around 15 to 60 wt.% during this period, and this has had a major impact on densification. The FactSage results shown in Fig. 2(b) indicate an earlier melt generation point and a higher liquidus temperature compared to those in Fig.  2(a) for the same sample. Different atmospheric conditions are used in the test and the differences in results illustrate the effects oxygen partial pressure on melt generation. At a sintering temperature of 1 350°C, the melt amount generated is 63% and 52% under air and argon respectively. This suggests that coalescence on a sinter machine can be facilitated by increasing oxygen partial pressure. In practice, validating this FactSage prediction is difficult because airflow rate during sinter, coke level and flux levels will influence oxygen partial pressure and many other sintering parameters.
Effect of Sinter Mix Chemical Composition
The CaO level in a sinter mix increases when basicity is raised and SiO 2 kept unchanged. As CaO behaves as a flux in iron ore sintering it has a strong effect on the melt formation process.
23) It influences the start of chemical reaction, melt generation and properties -all important factors influencing the densification process. Hematite will also thermally decompose into magnetite at about 1 350°C or slightly higher. Low basicity favours Fe 2+ in the melt, [24] [25] [26] which will also influence melt properties. The level of gangue minerals in a melt has also been shown to determine the assimilation of hematite particles and, therefore, melt volume. The purpose of this section is to explore the effect of basicity and varying gangue level on the AFT using the samples listed in Table 1. 5.3.1. Basicity Sample density and densification level results are shown in Fig. 8 and the corresponding FactSage results in Table 2 . The shapes and trends indicated in Fig. 8 is happening to the sinter mix at increasing temperature is the indicated by the slope of the curves. From about 1 150°C, the slope obtained for Sample A is quite gradual compared to Sample C which is very steep section above 1 220°C. The most likely reason is that more of lower viscosity (Table 2) , is generated in Sample C and this favours the densification process. The lower density and densification level obtained at 1 220°C for Sample C could be related to the higher sample porosity after calcination. Increasing void volume means that the formed melts have more 'work' to do before the sample starts to densify. However, once the generated melts are strongly connected densification proceeds at a very fast pace. It is to be expected that when beds are taken to the same maximum temperatures (i.e., above 1 220°C) sinters formed from the higher basicity bed will have coalesced more.
Gangue Levels
Samples B and D are compared in this study and results are shown in Fig. 9 . The shapes of the curves are quite similar to those obtained for Sample A and C (Fig. 8) . Density and densification level results increase to 1 220°C and then sharply with significant melt generation. Both density and densification level were higher for Sample B compared to Sample D at all temperatures. FactSage predictions of melt volume, and predicted melt viscosities of the two samples are given in Table 2 . The higher gangue sample generated more melt but the melt is more viscous. It is to be noted that Sample D would undergo much more calcination because of its higher limestone, magnesium carbonate and kaolinite levels. The porosity of the sample at melt formation temperature would be much higher for Sample D. These results would indicate that in sintering, coalescing a volume of material of higher porosity is more difficult because there is less melt mass to do the work of coalescence and more work required to be done to 'expel' the void spaces.
Conclusions
At high temperatures, a blended iron mix converts to sinter because the formation of melt has caused materials to reshape, deform, flow, shrink, collect and densify. The generic term coalescence has been used to describe the transformation process. This study was initiated to understand the forces that drive coalescence during iron ore sintering. Two bench scale techniques were used to study the behaviour of four analogue sinter mixes. The first technique, TMA, involved measuring the penetration of a piston into an analogue sinter mix at increasing temperatures. Results would show how deformable and flowable the mix would become with increasing melt generation. On a sinter strand, most of the bed would undergo coalescence while under a compressive load. The second test, AFT, involved capturing images of a pressed analogue mix sample to determine the volume changes accompanying melt formation. From this sample density and densification level was defined. To assist the interpretation of results, a thermodynamic software package, FactSage, was used to predict melt volume and compositions as functions of temperature. Derived equations in the literature predicting viscosity were also used in this work to provide insights into the TMA and AFT results.
Mix chemical composition was examined through varying basicity and gangue levels. Both TMA and AFT results showed the similar trends of increasing penetration and decreasing volume with increasing temperatures. FactSage results showed that melt generation does not start until temperatures are greater than 1 180°C and this is in line with expectations based on fundamental studies of sintering. On this basis, the TMA and AFT graphs could be divided into two distinct regions, i.e., gradual rise with little or no melt, followed by steeper rise with significant melt generation. At the same temperature, the penetration of the piston was greater and sample density and densification level were higher at increasing basicity, which could be attributed to the formation of more melts of lower viscosities. With increasing gangue level it is to be expected that melt generation would increase. This should result in greater penetration of the piston at a given temperature. There is some evidence for this (1 230 to 1 315°C), but the flow of material from the crucible base means that firm conclusions cannot be made. With the AFT the obtained results did not indicate higher density and densification level for higher gangue level sample. A possible reason for this is that the high gangue sample has a very high porosity on calcination, which means that more voids have to be expelled in the densification process. Although more fluid melts form they are more scattered and, hence, not as effective in causing the flow and collection of material. An examination of the TMA and AFT results suggests that the differences observed when basicity and gangue levels were increased were greater for the TMA than for the AFT. These differences are probably caused by the applied piston pressure in the TMA. Results from this study indicate that AFT is a superior test to the TMA. The loss of material up the walls of the TMA crucible and on the outside of the piston means that the results are no longer based on the same mass of material. In addition, reactions between the hematite and molybdenum crucible will affect the composition and properties of the sample under investigation. In the AFT, the sample is allowed to deform and reshape freely, which may not be the case on a sinter strand. Notwithstanding, it is clear that the AFT should be the preferred method of studying the parameters that drive the coalescence process in sintering.
